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It is essential that any useful mathematical analysis of the excitatory process should predict equations for the time-intensity relations for different types of stimuli which are mutually consistent, so that the constants appearing in the excitation equations for one type should also appear in the equations for another type applied to the same tissue during the same experiment. It is the present purpose to discuss the results of experiments in which the time-intensity curves for both direct currents and condenser discharges were obtained in succession on the sciatic-gastrocnemius preparations of the frog so that the tissue remained in approximately the same condition throughout.
It was shown previously (1932 a, b, c, d, 1934) These equations must represent adequately not only their proper data but it is further required as an assurance of their validity that the constant k shall be the same whether it is evaluated from direct current data or from condenser data on the same tissue at the same time. When this point was considered previously (1932 b) only one set of data by Lapicque was available and the agreement in that case was sufficiently good. The present data were obtained to test further the same type of agreement.
Apparatus and Method
The direct current stimuli were obtained from an arrangement consisting essentially of a hard rubber disc attached to a heavy brass disc for rigidity. In the face of the rubber disc whose diameter is about 12 inches is set a brass wedge with its base toward the centre and its point toward the periphery of the wheel. This wedge extends from close to the hub of the disc to its outer edge. Its base is about three-fourths inches in width. The wheel is set on a shaft so that it can be driven by a synchronous motor at about 800 R.P.~t. The disc containing its brass wedge is mounted and ground in such a way that its face rotates with no greater wobble than 0.001 inch. Set on a screw carriage to enable its movement to and from the centre of the wheel is a pair of brushes of lubricated carbon, the one above and separated from the other. The brushes are carried in close fitting slots and are held against the wheel by means of coil springs which also act as electrical contacts. As the disc is turned both the brushes are in contact with the brass wedge for a duration depending on the position of the carriage. When the carriage is near the centre the wedge is wide and its linear velocity is low so that the duration of contact is long. Toward the periphery of the disc the opposite is true. The displacement of the brush carriage required to alter the duration from 0.0001 to 0.001 second is about 40 mm. i from 0.001 to 0.002 second about 20 ram.; from 0 to 0.0001 second about 10 ram.; so that in all the scale up to 0.002 second is about 7 cm. long and accurate setting is comparatively easy. The machine may be calibrated either statically, by measuring the angle through which the brushes remain on the brass and calculating the time from the speed of rotation or, by measuring the current registered on a direct current meter when the circuit is closed and the wheel rotating continuously. In the latter case the ratio of the current when the wheel is going to that when it is stopped with the brushes on the brass gives the time of contact directly when the number of contacts per second is known.
Since a high voltage, i.e. in excess of 100 is required to ensure negligible resistance at the brass to carbon contact 180 volts was used throughout with a series resistance of about 200,000 ohms. The stimulus was derived from a variable non-inductive resistance in the circuit acting as a potentiometer A similar resistance in series was used as a compensator to keep the whole resistance constant.
The machine when operating continuously gives about fifteen stimuli per second. Such a spacing should not give latent addition but there may be changes of excitability following the responses. For this reason a switch was used so that only one to three stimuli were given each time. It was found by photographing the impulses with an oscillograph that the switch could be manipulated so as to give one or two stimuli and the machine was used in this way.
The advantages of the machine are that a time-intensity curve can be obtained quite rapidly, i.e. in about 5 minutes, as there are no switches to set and the durations can be changed without stopping the wheel. Another is that there appear to be no harmful extraneous accumulations of charge due to friction and another that the capacity of the brushes can be made negligibly small so that the circuit has very low capacity. The effect of this capacity is avoided in any case by short circuiting the tissue while the brush circuit is being made. Its disadvantages are that the disc must be very carefully made so that it will be smooth enough to avoid chattering of the brushes. Also the currents tend to become irregular with durations shorter than about 0.0002 second. The reason for this has not been fully determined so the measurements have been confined to greater durations.
Condensers with mica dielectric of good quality and accurate to at least 2 per cent with the smallest capacities were used for obtaining the voltage-capacity data.
In each case the circuit used for both types of stimulation was kept exactly the same except in so far as it might be altered by changes in the tissue.
Silver chloride electrodes of about 0.5 ram. diameter were used throughout. The nerve trunk was suspended vertically in air in an enclosed chamber so that it was against the electrodes whose variable separations are given in the data. The chamber was partially filled with water so that its contained air would be kept nearly saturated with water vapor. The responses of the muscles were used to determine the adequacy of the stimuli.
The resistance of the tissue, which is required for Equation 3, was measured in each case by determ~n{ng the rheobase with the tissue alone, then with 50,000 ohms in series, then with 75,000 ohms in series, and then with 115,000 ohms in series. These rheobases when plotted against the resistances in series yield a straight line whose intercept gives the resistance of the tissue. The accuracy of the method apart from considerations of polarization depends on the constancy of the rheobase during the time, about 2 minutes, required to make the readings. The durations of the rheobasic currents are probably about 0.002 second so that the polarization should not be important.
In Table I are given the results of eighteen experiments in which the k values of Equations 1 and 2 were obtained from complete timeintensity and capacity-intensity curves taken in succession as rapidly as possible. Apart from the natural differences of the different preparations and of the room temperature which varied from day to day, the experiments differ only in the separation of the electrodes. Only those experiments are reported in which a given measurement, such as the rheobase, had the same value within about 5 per cent at the beginning and end of a set of readings by a particular method and in which, in addition, the data of the direct current and of the condenser experiments each separately gave a smooth curve indicating that a single excitability was being dealt with. The eighteen experiments reported are from twenty which appeared to be good from the data alone. The other two when plotted appeared, however, to be mixed curves corresponding to a change from fibres of one excitability to those of another during the experiment. They were, therefore, dis-carded. Representative sets of data for different electrode separations are given in Table II . In Table I it will be seen that the condenser and D.C. k's are approximately equal for fourteen of the eighteen determinations. The greatest of the deviations in these cases is 8 per cent and the average is 1.5 per cent indicating that there is no systematic difference between the two values of the constant. There are four cases, however, in which the k's are very different, the condenser value being about 50 per cent greater than the D.C. The time-intensity curves of these cases were as good as usual so the difference cannot be attributed to poor measurement. The only explanation that can be offered is that fibres of quite different excitabilities are being stimulated in the two cases;
i.e., that in changing from the D.C. to the condenser stimuli a change was made also in the groups of fibres being stimulated. The equalities of the rheobases do not ensure that the same fibres are being dealt with for it was shown recently (Blair, 1934, Figs. 4 and 8) using the data of (Blair and Erlanger, 1933 ) that fibres giving rise to impulses of velocities about equal might have k values very different while at the same time the relation (Blair, 1934, Equation 12) log r = --a R - [-constant where v is the velocity, R the rheobase, and a a constant, showed that fibres with velocities about equal would have rheobases about equal. It follows, therefore, as an experimental finding that fibres with very different k values may have very similar rheobases. The converse is also true so that neither does the equality of rheobases ensure that fibres of the same excitability are being used nor does the inequality of rheobases ensure that fibres of different excitabilities are being used. When the rheobases are different it is probable, however, that the fibres are actually different although their excitabilities are approximately the same.
Between the D.C. data for the preparations which gave equal k's and those which did not there was a difference which is probably significant; rig., that in the latter the constant C of Equation 2 was large and positive. This problem has been discussed previously (1932 c) . It is connected with the circumstance that a tissue with a certain k value may yield with direct current one of a family of time-intensity curves each of which has the same shape but has for any particular intensity a displacement along the time axis which depends on C. A curve with a large positive C is relatively close to the intensity axis. Or, in other words, a current of given duration need be less intense when C is large and positive than when it is small or negative. It is probably true, usually, that the fibres with the lowest rheobases have medial excitabilities (1934, Figs. 4 and 8) although this is not always the case (1934, Figs. 3 and 7) . It therefore appears possible that a fibre group with a given k and given rheobase, which is the easiest stimulated by condenser discharges, may not be the easiest stimulated by direct currents because it has a small or negative C, while another fibre group with larger or smaller k, which might otherwise be harder to stimulate, is made easier by virtue of its having a large C. This difference in the two types of stimuli makes possible the condition that, while with condenser stimuli the curve of greater k will always lie above, i.e. be harder to elicit than one of smaller k when the rheobases are equal, it is not possible with direct currents to state which will be the lower unless the C values are known.
In the present instance it must be supposed that rather highly excitable groups of fibres (1934, Figs. 3 and 7) are the easiest excited by the condenser stimuli but they have relatively small C values compared to some others with smaller k's whose direct current curves therefore lie lower. It is, therefore, not possible to elicit a response from the same groups of fibres with both types of stimuli by using the least adequate intensities in each case. According to the results of Table  I , however, it is more usual than not for the time-intensity curve of the same group of fibres to be lowest with both types of stimuli so that the same value for the excitability will be expected from either condenser or D.c. measurements.
In view of the considerations above in regard to the four cases in Table I in which the constants k are not equal it seems legitimate to conclude from the fourteen that are equal that Equations 2 and 3 are adequate c~escriptions of the data even when the same value of k is common to both. The accuracy of the fit of these two equations to the data is shown in Table II .
In this table are given the complete data of four experiments with different representative electrode separations. In each case the first column gives the D.c. durations in seconds and the second column the corresponding voltages on an arbitrary scale. In the third column are the calculated D.C. voltages using Equation 2 and the D.c. constants k and C as given. The fourth column gives the ratios of the calculated I~.C. k = 1585 to 690 to base 10. Condenser k -1620. C -0.020. Resistance -120,000 ohms. Separation of electrodes = 2.5 mm.
to the observed voltages. The fifth and sixth columns contain, respectively, the capacities in microfarads and the voltages of the condenser stimuli, except in the case of the capacity marked infinite which is the D.c. rheobase. 4 microfarads can be considered as being very nearly an infinite capacity for present purposes. The seventh column gives the condenser voltages as calculated from Equation 3 using the condenser k as given, while the eighth column gives the ratios of the calculated to the observed condenser voltages. The methods of applying Equations 2 and 3 have been given previously (1932 a, d ). For D.C. the value of k using logarithms to base 10 is given in addition as it is used for calculating. Sometimes as in preparation k the same rheobase was used for calculating both the D.c. and condenser data. In others such as r where the D.c. rheobase had changed between the two sets of data a separate rheobase was used to calculate each set. It will be seen that the observed and calculated voltages are in fair agreement throughout. In order to show a lack of systematic divergence the average divergence for each duration and each capacity is given in Table nI . The D.c. divergences are somewhat less than those for the condensers. These condenser curves are not quite as good as can be obtained ordinarily with simpler circuits. The procedure adopted of using the same circuit for both D.c. and condensers makes the arrangement for the latter unnecessarily complicated. For this reason a set of voltage-capacity data obtained with a simpler circuit is given in Table IV for comparison. In Table IV are given three voltage-capacity curves also from sciatic-gastrocnemius preparations of the frog using a simpl~ circuit with just a potentiometer and the condenser and the nerve and an additional resistance in series. Three different electrode arrangements were used. In preparation 1 the electrodes were test tubes 1 cm. in diameter filled with Ringer's solution. The nerve lay across the tops of the tubes, which were separated 1 cm., and through the contained solutions. The solutions were connected to circuit with silver chloride electrodes. The preparation was used with 26,800 ohms resistance in series. The resistance given in the table is the sum of this and the nerve's resistance.
Preparation 2 was stimulated in a rubber trough 1 nun. wide, 1.5 ram. deep, and 2 cm. long filled with Ringer's solution and connected to chlorinated silver wires at the ends. The preparation was shunted by 26,670 ohms in parallel as well as the Ringer's solution. The resistance given in the table is the series resistance plus the resultant resistance of the nerve and shunt.
Preparation 3 was stimulated on chlorinated silver wires in air and separated by 2 cm. It had 26,800 ohms in series and was shunted with 26,670 ohms. The resistance given is again the resultant of the combination.
It will be seen that in these cases the agreement of the calculated and observed voltages is somewhat better and that the fit is equally good with the different types of electrode.
It seems possible to conclude that Equations 2 and 3 represent timeintensity and voltage-capacity curves for the frog's sciatic nerve with as great accuracy as can be expected from the measurements. The equalities of the constants k shown here indicate, in addition, that the differential equation, Equation 1, is an accurate description of the growth of the excitatory process, because the two types of stimuli are so different in form that the fortuitous fit of the two integral equations, Equations 2 and 3, with the same constant in each would be very improbable if this were not so.
The actual mechanism of excitation may, of course, be more complex than is indicated by Equation 1. It seems necessary to conclude, however, that no matter how complex the components of this mechanism may be they work together in such a way as to give the resultant represented by Equation 1 with considerable accuracy. The bulk of the evidence points, however, to the conclusion that it is not a combina- (1932 a, b, c, d) has now been presented which shows that the time-intensity and voltage-capacity curves for several different tissues of quite different excitabilities are adequately represented by Equations 2 and 3. The present evidence indicates that these equations are not only separately valid, but that both are valid on the same tissue with the same parameter k in each. That this factor k has a definite physiological significance has been shown further by the fact that it can be related fairly simply to the velocity of the nervous impulse (1934) which does not depend on the particular type of stimulus by which it is elicited and is, therefore, a purely physiological factor.
SUMMARY
Data on the electrical stimulation of sciatic-gastrocnemius preparations of the frog by both direct currents and condenser discharges at the same time are discussed in relation to the validity of the differential equation
d~ = KV -kp dt
where p is the local excitatory process, V the stimulating current or voltage, and K and k are constants. It is concluded that the constant k is the same whether it is derived from the data of the one stimulus or the other when the same fibres are being stimulated. BIBLIOGRAPHY Blair, H. A., ]. Gen. Physiol., 1932 a, b, c, d, 15, 709; 15, 731; 16, 165; 16, 177. Blair, H. A., J. Gen. Physiol., 1934, 18, 125. Blair, E. A., and Erlanger, J., Am. J. Physiol., 1933, 106, 524. 
